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1. 

METHOD AND APPARATUS TO DETERMINE 
A PREFERRED OPERATING POINT FOR AN 

ENGINE OF A POWERTRAN SYSTEM 
USING AN TERATIVE SEARCH 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of U.S. Provisional 
Application No. 60/985,984 filed on Nov. 7, 2007 which is 
hereby incorporated herein by reference. 

TECHNICAL FIELD 

This disclosure is related to powertrain control within 
hybrid vehicles. 

BACKGROUND 

The statements in this section merely provide background 
information related to the present disclosure and may not 
constitute prior art. 
Known powertrain architectures include torque-generative 

devices, including internal combustion engines and electric 
machines, which transmit torque through a transmission 
device to an output member. One exemplary powertrain 
includes a two-mode, compound-split, electro-mechanical 
transmission which utilizes an input member for receiving 
motive torque from a prime mover power source, preferably 
an internal combustion engine, and an output member. The 
output member can be operatively connected to a driveline for 
a motor vehicle for transmitting tractive torque thereto. Elec 
tric machines, operative as motors or generators, generate a 
torque input to the transmission, independently of a torque 
input from the internal combustion engine. The electric 
machines may transform vehicle kinetic energy, transmitted 
through the vehicle driveline, to electrical energy that is stor 
able in an electrical energy storage device. A control system 
monitors various inputs from the vehicle and the operator and 
provides operational control of the powertrain, including con 
trolling transmission operating state and gear shifting, con 
trolling the torque-generative devices, and regulating the 
electrical powerinterchange among the electrical energy Stor 
age device and the electric machines to manage outputs of the 
transmission, including torque and rotational speed. 

SUMMARY 

A method to determine a preferred operating point for an 
internal combustion engine mechanically coupled to an elec 
tro-mechanical transmission to transmit power to a driveline 
in response to an operator torque request includes determin 
ing a current set of candidate operating points for a current 
search iteration. The method further includes iteratively 
determining an operating cost for operating the internal com 
bustion engine at each candidate operating point of the cur 
rent searchiteration, iteratively determining a candidate oper 
ating point for the current search iteration having a lowest 
operating cost, iteratively determining a search direction rela 
tive to the current set of candidate operating points for the 
current search iteration based on the candidate operating 
point of the current search iteration having the lowest oper 
ating cost, and iteratively determining a Subsequent set of 
candidate operating points for a Subsequent search iteration 
based upon the search direction. The preferred operating 
point for operating the internal combustion engine is deter 
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2 
mined comprising the candidate operating point with the 
lowest operating cost determined after a predetermined num 
ber of search iterations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

One or more embodiments will now be described, by way 
of example, with reference to the accompanying drawings, in 
which: 

FIG. 1 is a schematic diagram of an exemplary powertrain, 
in accordance with the present disclosure; 

FIG. 2 is a schematic diagram of an exemplary architecture 
for a control system and powertrain, in accordance with the 
present disclosure; 

FIG. 3A and FIG. 3B are process flow diagrams of an 
exemplary method for controlling input speed and torque 
from an engine, in accordance with the present disclosure; 

FIG. 4 is a graphical representation of a first exemplary 
search, in accordance with the present disclosure; and 

FIG. 5 is a graphical representation of a second exemplary 
search, in accordance with the present disclosure. 

DETAILED DESCRIPTION 

Referring now to the drawings, wherein the showings are 
for the purpose of illustrating certain exemplary embodi 
ments only and not for the purpose of limiting the same, 
FIGS. 1 and 2 depict an exemplary electro-mechanical hybrid 
powertrain. The exemplary electro-mechanical hybrid pow 
ertrain in accordance with the present disclosure is depicted 
in FIG. 1, comprising a two-mode, compound-split, electro 
mechanical hybrid transmission 10 operatively connected to 
an engine 14 and first and second electric machines (MG-A) 
56 and (MG-B) 72. The engine 14 and first and second 
electric machines 56 and 72 each generate power which can 
be transferred to the transmission 10. The power generated by 
the engine 14 and the first and second electric machines 56 
and 72 and transferred to the transmission 10 is described in 
terms of input and motor torques, referred to herein as T.T., 
and T. respectively, and speed, referred to herein as N. N. 
and N, respectively. 
The exemplary engine 14 comprises a multi-cylinder inter 

nal combustion engine selectively operative in several States 
to transfer torque to the transmission 10 via an input shaft 12, 
and can be either a spark-ignition or a compression-ignition 
engine. The engine 14 includes a crankshaft (not shown) 
operatively coupled to the input shaft 12 of the transmission 
10. A rotational speed sensor 11 monitors rotational speed of 
the input shaft 12. Power output from the engine 14, compris 
ing rotational speed and engine torque, can differ from the 
input speed N and the input torque T to the transmission 10 
due to placement of torque-consuming components on the 
input shaft 12 between the engine 14 and the transmission 10, 
e.g., a hydraulic pump (not shown) and/or a torque manage 
ment device (not shown). 
The exemplary transmission 10 comprises three planetary 

gear sets 24, 26 and 28, and four selectively engageable 
torque-transferring devices, i.e., clutches C1 70, C2 62, C3 
73, and C475. As used herein, clutches refer to any type of 
friction torque transfer device including single or compound 
plate clutches or packs, band clutches, and brakes, for 
example. A hydraulic control circuit 42, preferably controlled 
by a transmission control module (hereafter TCM) 17, is 
operative to control clutch states. Clutches C2 62 and C475 
preferably comprise hydraulically-applied rotating friction 
clutches. Clutches C1 70 and C3 73 preferably comprise 
hydraulically-controlled stationary devices that can be selec 
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tively grounded to a transmission case 68. Each of the 
clutches C170, C262, C373, and C475 is preferably hydrau 
lically applied, selectively receiving pressurized hydraulic 
fluid via the hydraulic control circuit 42. 
The first and second electric machines 56 and 72 preferably 

comprise three-phase AC machines, each including a stator 
(not shown) and a rotor (not shown), and respective resolvers 
80 and 82. The motor stator for each machine is grounded to 
an outer portion of the transmission case 68, and includes a 
stator core with coiled electrical windings extending there 
from. The rotor for the first electric machine 56 is supported 
on a hub plate gear that is operatively attached to shaft 60 via 
the second planetary gear set 26. The rotor for the second 
electric machine 72 is fixedly attached to a sleeve shaft hub 
66. 

Each of the resolvers 80 and 82 preferably comprises a 
variable reluctance device including a resolver stator (not 
shown) and a resolver rotor (not shown). The resolvers 80 and 
82 are appropriately positioned and assembled on respective 
ones of the first and second electric machines 56 and 72. 
Stators of respective ones of the resolvers 80 and 82 are 
operatively connected to one of the stators for the first and 
second electric machines 56 and 72. The resolver rotors are 
operatively connected to the rotor for the corresponding first 
and second electric machines 56 and 72. Each of the resolvers 
80 and 82 is signally and operatively connected to a transmis 
sion power inverter control module (hereafter TPIM) 19, 
and each senses and monitors rotational position of the 
resolver rotor relative to the resolver stator, thus monitoring 
rotational position of respective ones of first and second elec 
tric machines 56 and 72. Additionally, the signals output from 
the resolvers 80 and 82 are interpreted to provide the rota 
tional speeds for first and second electric machines 56 and 72, 
i.e., N, and N., respectively. 
The transmission 10 includes an output member 64, e.g. a 

shaft, which is operably connected to a driveline 90 for a 
vehicle (not shown), to provide output power to the driveline 
90 that is transferred to vehicle wheels 93, one of which is 
shown in FIG.1. The output power at the output member 64 
is characterized in terms of an output rotational speed N and 
an output torque T. A transmission output speed sensor 84 
monitors rotational speed and rotational direction of the out 
put member 64. Each of the vehicle wheels 93 is preferably 
equipped with a sensor 94 adapted to monitor wheel speed, 
Vss, the output of which is monitored by a control mod 
ule of a distributed control module system described with 
respect to FIG. 2, to determine vehicle speed, and absolute 
and relative wheel speeds for braking control, traction con 
trol, and vehicle acceleration management. 

The input torque from the engine 14 and the motor torques 
from the first and second electric machines 56 and 72 (T. T. 
and T respectively) are generated as a result of energy con 
version from fuel or electrical potential stored in an electrical 
energy storage device (hereafter ESD) 74. The ESD 74 is 
high voltage DC-coupled to the TPIM 19 via DC transfer 
conductors 27. The transfer conductors 27 include a contactor 
switch 38. When the contactor switch 38 is closed, under 
normal operation, electric current can flow between the ESD 
74 and the TPIM19. When the contactor switch 38 is opened 
electric current flow between the ESD 74 and the TPIM19 is 
interrupted. The TPIM 19 transmits electrical power to and 
from the first electric machine 56 by transfer conductors 29. 
and the TPIM19 similarly transmits electrical power to and 
from the second electric machine 72 by transfer conductors 
31 to meet the torque commands for the first and second 
electric machines 56 and 72 in response to the motor torques 
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4 
T and T. Electrical current is transmitted to and from the 
ESD 74 in accordance with whether the ESD 74 is being 
charged or discharged. 
The TPIM 19 includes the pair of power inverters (not 

shown) and respective motor control modules (not shown) 
configured to receive the torque commands and control 
inverter states therefrom for providing motor drive or regen 
eration functionality to meet the commanded motor torques 
T and T. The powerinverters comprise known complemen 
tary three-phase power electronics devices, and each includes 
a plurality of insulated gate bipolar transistors (not shown) for 
converting DC power from the ESD 74 to AC power for 
powering respective ones of the first and second electric 
machines 56 and 72, by switching at high frequencies. The 
insulated gate bipolar transistors form a Switch mode power 
Supply configured to receive control commands. There is 
typically one pair of insulated gate bipolar transistors for each 
phase of each of the three-phase electric machines. States of 
the insulated gate bipolar transistors are controlled to provide 
motor drive mechanical power generation or electric power 
regeneration functionality. The three-phase inverters receive 
or supply DC electric power via DC transfer conductors 27 
and transform it to or from three-phase AC power, which is 
conducted to or from the first and second electric machines 56 
and 72 for operation as motors or generators via transfer 
conductors 29 and 31 respectively. 

FIG. 2 is a schematic block diagram of the distributed 
control module system. The elements described hereinafter 
comprise a subset of an overall vehicle control architecture, 
and provide coordinated system control of the exemplary 
hybridpowertrain described in FIG.1. The distributed control 
module system synthesizes pertinent information and inputs, 
and executes algorithms to control various actuators to meet 
control objectives, including objectives related to fuel 
economy, emissions, performance, drivability, and protection 
of hardware, including batteries of ESD 74 and the first and 
second electric machines 56 and 72. The distributed control 
module system includes an engine control module (hereafter 
ECM) 23, the TCM 17, a battery pack control module 
(hereafter BPCM) 21, and the TPIM19. A hybrid control 
module (hereafter HCP) 5 provides supervisory control and 
coordination of the ECM 23, the TCM 17, the BPCM 21, and 
the TPIM19. A user interface (UI) 13 is operatively con 
nected to a plurality of devices through which a vehicle opera 
tor controls or directs operation of the electro-mechanical 
hybrid powertrain. The devices include an accelerator pedal 
113 (AP), an operator brake pedal 112 (BP), a transmis 
sion gear selector 114 (PRNDL), and a vehicle speed cruise 
control (not shown). The transmission gear selector 114 may 
have a discrete number of operator-selectable positions, 
including the rotational direction of the output member 64 to 
enable one of a forward and a reverse direction. 
The aforementioned control modules communicate with 

other control modules, sensors, and actuators via a local area 
network (hereafter LAN) bus 6. The LAN bus 6 allows for 
structured communication of states of operating parameters 
and actuator command signals between the various control 
modules. The specific communication protocol utilized is 
application-specific. The LAN bus 6 and appropriate proto 
cols provide for robust messaging and multi-control module 
interfacing between the aforementioned control modules, and 
other control modules providing functionality including e.g., 
antilock braking, traction control, and vehicle stability. Mul 
tiple communications buses may be used to improve commu 
nications speed and provide Some level of signal redundancy 
and integrity. Communication between individual control 
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modules can also be effected using a direct link, e.g., a serial 
peripheral interface (SPI) bus (not shown). 

The HCP 5 provides supervisory control of the hybrid 
powertrain, serving to coordinate operation of the ECM 23, 
TCM 17, TPIM19, and BPCM 21. Based upon various input 
signals from the user interface 13 and the hybrid powertrain, 
including the ESD 74, the HCP 5 determines an operator 
torque request, an output torque command, an engine input 
torque command, clutch torque(s) for the applied torque 
transfer clutches C1 70, C2 62, C373, C475 of the transmis 
sion 10, and the motor torques T and T for the first and 
second electric machines 56 and 72. The TCM 17 is opera 
tively connected to the hydraulic control circuit 42 and pro 
vides various functions including monitoring various pres 
Sure sensing devices (not shown) and generating and 
communicating control signals to various Solenoids (not 
shown) thereby controlling pressure Switches and control 
valves contained within the hydraulic control circuit 42. 
The ECM 23 is operatively connected to the engine 14, and 

functions to acquire data from sensors and control actuators 
of the engine 14 over a plurality of discrete lines, shown for 
simplicity as an aggregate bi-directional interface cable 35. 
The ECM 23 receives the engine input torque command from 
the HCP 5. The ECM 23 determines the actual engine input 
torque, T, provided to the transmission 10 at that point in time 
based upon monitored engine speed and load, which is com 
municated to the HCP5. The ECM23 monitors input from the 
rotational speed sensor 11 to determine the engine input 
speed to the input shaft 12, which translates to the transmis 
sion input speed, N. The ECM 23 monitors inputs from 
sensors (not shown) to determine states of other engine oper 
ating parameters including, e.g., a manifold pressure, engine 
coolant temperature, ambient air temperature, and ambient 
pressure. The engine load can be determined, for example, 
from the manifold pressure, or alternatively, from monitoring 
operator input to the accelerator pedal 113. The ECM 23 
generates and communicates command signals to control 
engine actuators, including, e.g., fuel injectors, ignition mod 
ules, and throttle control modules, none of which are shown. 

The TCM 17 is operatively connected to the transmission 
10 and monitors inputs from sensors (not shown) to determine 
states of transmission operating parameters. The TCM 17 
generates and communicates command signals to control the 
transmission 10, including controlling the hydraulic circuit 
42. Inputs from the TCM 17 to the HCP5 include estimated 
clutch torques for each of the clutches, i.e., C170, C2 62, C3 
73, and C475, and rotational output speed, N, of the output 
member 64. Other actuators and sensors may be used to 
provide additional information from the TCM 17 to the HCP 
5 for control purposes. The TCM 17 monitors inputs from 
pressure Switches (not shown) and selectively actuates pres 
Sure control Solenoids (not shown) and shift Solenoids (not 
shown) of the hydraulic circuit 42 to selectively actuate the 
various clutches C1 70, C2 62, C373, and C475 to achieve 
various transmission operating range states, as described 
hereinbelow. 

The BPCM21 is signally connected to sensors (not shown) 
to monitor the ESD 74, including states of electrical current 
and Voltage parameters, to provide information indicative of 
parametric states of the batteries of the ESD 74 to the HCP5. 
The parametric states of the batteries preferably include bat 
tery state-of-charge, battery Voltage, battery temperature, and 
available battery power, referred to as a range P. to 
Pr4T Max 
A brake control module (hereafter BrCM) 22 is opera 

tively connected to friction brakes (not shown) on each of the 
vehicle wheels 93. The BrCM22 monitors the operator input 
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6 
to the brake pedal 112 and generates control signals to control 
the friction brakes and sends a control signal to the HCP 5 to 
operate the first and second electric machines 56 and 72 based 
thereon. 

Each of the control modules ECM 23, TCM 17, TPIM19, 
BPCM 21, and BrCM 22 is preferably a general-purpose 
digital computer comprising a microprocessor or central pro 
cessing unit, storage mediums comprising read only memory 
(ROM), random access memory (RAM), electrically pro 
grammable read only memory (EPROM), a high speed 
clock, analog to digital (A/D) and digital to analog (D/A) 
circuitry, and input/output circuitry and devices (I/O) and 
appropriate signal conditioning and buffer circuitry. Each of 
the control modules has a set of control algorithms, compris 
ing resident program instructions and calibrations stored in 
one of the storage mediums and executed to provide the 
respective functions of each computer. Information transfer 
between the control modules is preferably accomplished 
using the LAN bus 6 and serial peripheral interface buses. The 
control algorithms are executed during preset loop cycles 
Such that each algorithm is executed at least once each loop 
cycle. Algorithms stored in the non-volatile memory devices 
are executed by one of the central processing units to monitor 
inputs from the sensing devices and execute control and diag 
nostic routines to control operation of the actuators, using 
preset calibrations. Loop cycles are executed at regular inter 
vals, for example each 3.125, 6.25, 12.5, 25 and 100 milli 
seconds during ongoing operation of the hybrid powertrain. 
Alternatively, algorithms may be executed in response to the 
occurrence of an event. 
The exemplary hybrid powertrain selectively operates in 

one of several operating range states that can be described in 
terms of an engine state comprising one of an engine-on state 
(ON) and an engine-off state (OFF), and a transmission 
state comprising a plurality of fixed gears and continuously 
variable operating modes, described with reference to Table 
1, below. 

TABLE 1 

Engine Transmission Operating Applied 
Description State Range State Clutches 

M1 Eng Off OFF EVT Mode 1 C1 70 
M1 Eng. On ON EVT Mode 1 C1 70 
G1 ON Fixed Gear Ratio 1 C1 70 C475 
G2 ON Fixed Gear Ratio 2 C1 70 C2 62 
M2 Eng Off OFF EVT Mode 2 C2 62 
M2 Eng. On ON EVT Mode 2 C2 62 
G3 ON Fixed Gear Ratio 3 C2 62 C475 
G4 ON Fixed Gear Ratio 4 C2 62 C373 

Each of the transmission operating range states is 
described in the table and indicates which of the specific 
clutches C1 70, C262, C373, and C475 are applied for each 
of the operating range states. A first continuously variable 
mode, i.e., EVT Mode 1, or M1, is selected by applying clutch 
C1 70 only in order to “ground the outer gear member of the 
third planetary gear set 28. The engine state can be one of ON 
(M1 Eng. On) or OFF (M1 Eng Off). A second continu 
ously variable mode, i.e., EVT Mode 2, or M2, is selected by 
applying clutch C2 62 only to connect the shaft 60 to the 
carrier of the third planetary gear set 28. The engine state can 
be one of ON (M2 Eng. On) or OFF (M2 Eng Off). For 
purposes of this description, when the engine state is OFF, the 
engine input speed is equal to Zero revolutions per minute 
(RPM), i.e., the engine crankshaft is not rotating. A fixed 
gear operation provides a fixed ratio operation of input-to 
output speed of the transmission 10, i.e., N/N. A first fixed 
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gear operation (G1) is selected by applying clutches C1 70 
and C475. A second fixed gear operation (G2) is selected by 
applying clutches C1 70 and C2 62. A third fixed gear opera 
tion (G3) is selected by applying clutches C2 62 and C475. 
A fourth fixed gear operation (G4) is selected by applying 5 
clutches C2 62 and C373. The fixed ratio operation of input 
to-output speed increases with increased fixed gear operation 
due to decreased gear ratios in the planetary gears 24, 26, and 
28. The rotational speeds of the first and second electric 
machines 56 and 72, N and N respectively, are dependent 
on internal rotation of the mechanism as defined by the 
clutching and are proportional to the input speed measured at 
the input shaft 12. 

In response to operator input via the accelerator pedal 113 
and brake pedal 112 as captured by the user interface 13, the 
HCP 5 and one or more of the other control modules deter 
mine torque commands to control the torque generative 
devices comprising the engine 14 and first and second electric 
machines 56 and 72 to meet the operator torque request at the 
output member 64 and transferred to the driveline 90. Based 
upon input signals from the user interface 13 and the hybrid 
powertrain including the ESD 74, the HCP5 determines the 
operator torque request, a commanded output torque from the 
transmission 10 to the driveline 90, an input torque from the 
engine 14, clutch torques for the torque-transfer clutches C1 
70, C2 62, C373, C475 of the transmission 10; and the motor 
torques for the first and second electric machines 56 and 72, 
respectively, as is described hereinbelow. 

Final vehicle acceleration can be affected by other factors 
including, e.g., road load, road grade, and vehicle mass. The 
operating range state is determined for the transmission 10 
based upon a variety of operating characteristics of the hybrid 
powertrain. This includes the operator torque request com 
municated through the accelerator pedal 113 and brake pedal 
112 to the user interface 13 as previously described. The 
operating range state may be predicated on a hybrid power 
train torque demand caused by a command to operate the first 
and second electric machines 56 and 72 in an electrical energy 
generating mode or in a torque generating mode. The operat 
ing range state can be determined by an optimization algo 
rithm or routine which determines optimum system efficiency 
based upon operator demand for power, battery state of 
charge, and energy efficiencies of the engine 14 and the first 
and second electric machines 56 and 72. The control system 
manages torque inputs from the engine 14 and the first and 45 
second electric machines 56 and 72 based upon an outcome of 
the executed optimization routine, and system efficiencies are 
optimized thereby, to manage fuel economy and battery 
charging. Furthermore, operation can be determined based 
upon a fault in a component or system. The HCP5 monitors 50 
the torque-generative devices, and determines the power out 
put from the transmission 10 required in response to the 
desired output torque at output member 64 to meet the opera 
tortorque request. As should be apparent from the description 
above, the ESD 74 and the first and second electric machines 55 
56 and 72 are electrically-operatively coupled for power flow 
therebetween. Furthermore, the engine 14, the first and sec 
ond electric machines 56 and 72, and the electro-mechanical 
transmission 10 are mechanically-operatively coupled to 
transfer power therebetween to generate a power flow to the 60 
output member 64. 

FIG. 3A and FIG. 3B show a method 200 to determine a 
preferred operating point for the engine 14 in response to the 
operator torque request To reo and FIG. 4 and FIG.5 graphi 
cally show a graph 300 and a graph 300', respectively of 65 
exemplary searches performed utilizing the method 200. The 
method 200 is preferably utilized during operation in the first 
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and second continuously variable modes to control the input 
powerP, from the engine 14 described with reference with the 
input speed N, the input torque T from the engine 14. During 
the first and second continuously variable modes, the trans 
mission 10 transmits mechanical power using one clutch, i.e., 
either clutch C1 62 or C2 70 from the engine 14, and the 
engine 14 operates at a preferred operating point. The engine 
14 is controlled at the operating point by executing algorithms 
and calibrations in the HCP 5 that includes conducting a 
two-dimensional search to determine the preferred engine 
operating point. 

FIG. 3A shows a flowchart of the method 200 and FIG. 3B 
shows programming functions utilized by the HCP 5 when 
implementing the method 200 including a boundary condi 
tion definition program 248, a search engine 250, a cost 
function 252, and an instrumentation implementation 254. 

Boundary conditions comprising a range of permissible 
input power values associated with the engine operating 
points are defined (210, 248). The boundary conditions define 
a two-dimensional search area 303. The two-dimensional 
search area 303 is determined based upon the input power P, 
transmitted from the engine 14 to the transmission 10. In an 
exemplary embodiment, the two-dimensional search area 303 
comprises a range of permissible input power values from -1 
kW to 40 kW and a range of permissible input speed values 
from 600 RPM to 2000 RPM. In alternate embodiments, the 
two-dimensional search area 303 comprises one of a range of 
permissible input speed values and a range of permissible 
input torque values and a range of permissible input power 
values and the range of permissible input torque values. 
The range of permissible input power values are associated 

with engine input power include input power values 'Y' 
from a minimum permissible input power Y to a maxi 
mum permissible input power Y. The range of per 
missible input speed values from the engine 14 include input 
speed values IX from a minimum permissible input speed 
XM to a maximum permissible input speed IX. 

The HCP5 utilizes the output speed N of the transmission 12 
and the operator torque request To reoin a lookup table (not 
shown) to obtain the minimum permissible input powerY. 
the maximum permissible input power Y, the minimum 
permissible input speed X, and the maximum permissible 
input speed X. In alternative embodiments, the minimum 
permissible input power Y, the maximum permissible 
input power Y, the minimum permissible input speed 
XM, and the maximum permissible input speed X can 
be based on measurements of other operating properties of 
the powertrain. 
The maximum permissible input powerY and the mini 

mum permissible input power Y are normalized (212) 
Such that the maximum permissible input powerY corre 
sponds to a normalized maximum input power Iy. 
which has a value of one, and the minimum permissible input 
power Y corresponds to a normalized minimum permis 
sible input power y, which has a value of Zero. The 
maximum permissible input speed X and the minimum 
permissible input speed Xy are normalized (212) Such that 
the maximum permissible input speed X-corresponds to a 
normalized maximum permissible input speed IX. 
which has a value of one, and the minimum permissible input 
speed X corresponds to a normalized minimum permis 
sible input speed IX, which has a value of Zero. 
The HCP5 iteratively identifies operating points within the 

search area 303 (214). The operating points include x/y coor 
dinates in which X values correspond to normalized speed 
values and y values correspond to normalized power values. 
The HCP5 identifies a first set of candidate operating points 
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including an operating point 302, an operating point 304, an 
operating point 306, and an operating point 308. 

In one embodiment, the HCP 5 determines the first set of 
candidate operating points such that the candidate operating 
points define corners of a rectangle 301, and the rectangle 301 
is centered within the search area 303. The rectangle 301 can 
have a length and width that is off-line optimized based on 
specific cost functions, allowed maximum iteration number, 
and desired search accuracy. 
The HCP 5 denormalizes each candidate operating point 

(x,y) of the first set of candidate operating points to their 
corresponding values (X,Y) using Scaling based on normal 
ization (216). The HCP5 calculates an operating cost Ps, 
to operate the engine 14 associated with each candidate 
engine operating point 302,304,306,308 and associated with 
the operator torque request To red and the output speed No 
of the transmission 10 by executing a cost function f(X,Y, N. 
To reo) (252). The HCP 5 calculates an operating cost to 
operate the internal combustion engine and the electro-me 
chanical transmission 10 to meet the operator torque request 
To red for each candidate engine operating point within 
each of the subregions. The HCP 5 determines the speed 
relationship as defined shown in Eq. 1, below: 

wherein, N is the output speed, N is the operating speed for 
the first electric machine 56, N is the operating speed for the 
Second electric machine 72, and b1, b2 b, b. are known 
Scalar values determined for the specific application in the 
specific operating range state. Therefore, the determined sca 
lar values for b, b. b. b are specific to each of EVT 
Mode 1 and EVT Mode 2. In this application, when the 
transmission output speed, N is known, there is one degree 
of freedom in input speed N by which N and N can be 
determined. 
The HCP5 determines the torque using the relationship as 

shown in Eq. 2, below: 

T 2 

TA du did dis dial to 
E-2 d22 das d24 || N 

No 

wherein the output torque T of the transmission 10 is set to 
the operator torque request To reo. T and T are the oper 
ating torques for MG-A 56 and MG-B 72, N, and N repre 
sent time-rate changes in input speed from the engine 14 and 
output speed of the transmission 10, and d.d. d, dad, 
d22, d2s, d are known Scalar values determined for each 
operating range state, i.e., either one of EVT Mode 1 and EVT 
Mode 2, of the application. In this application, when the 
output torque T is known, there is one degree of torque 
freedom for input torque T by which T and T can be 
determined. 
The cost function f(X,Y) 252 comprises operating costs 

which are generally determined based upon factors that 
include vehicle driveability, fuel economy, emissions, and 
battery usage. Furthermore, costs are assigned and associated 
with fuel and electrical power consumption and are further 
associated with a specific operating points of the powertrain. 
Lower operating costs are generally associated with lower 
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10 
fuel consumption at high conversion efficiencies, lower bat 
tery power usage, and lower emissions for an operating point, 
and closer proximity to the current operating state of the 
powertrain system. 
The HCP 5 calculates a cost Post so, a cost Post-soa, a 

cost Postaos, and a cost Postsos for the corresponding 
operating points 302,304,306,308, respectively. The HCP5 
performs a base point determination by determining which of 
the costs Poostso2, Poost 304 Poostsos. Peostaos has the 
lowest value, and determines the point associated with the 
lowest value as the a base point for the first set of operating 
points. FIG. 4 depicts an exemplary embodiment in which the 
HCP 5 identifies a lowest cost of the first set of operating 
points to be cost Paso and therefore, identifies the oper 
ating point 306 as the base point for the first set of operating 
points. 
The HCP5 determines a second set of candidate operating 

points (220) utilizing the search engine 250. In an exemplary 
embodiment, the search engine 250 selects a search direction 
relative to the first set of candidate operating points based on 
the base point by extending the search direction from the base 
point away from the first set of operating points. The HCP 5 
determines the second set of operating points including can 
didate operating points 310, 312, and 314 along with the 
candidate operating point 306, which was the base point for 
the first set of candidate operating points. The second set of 
candidate operating points defines a rectangle 311 having a 
common corner at the candidate operating point 306 with the 
rectangle 301 of the first set of candidate operating points. 

In one embodiment, the rectangle 311 is smaller than the 
rectangle 301 such that search resolution increases between 
the first set of candidate operating points and the second set of 
candidate operating points. In one embodiment, each side of 
the rectangle 311 is a fraction of the length of corresponding 
side of the rectangle 301. 
The HCP5 denormalizes the operating points (x,y) of the 

second set of candidate operating points to their correspond 
ing speed and power values (X,Y) 216. The HCP5 inputs the 
speed and power values (X,Y) of the second set of operating 
points into a cost function f(X,Y). The HCP5 calculates a cost 
Pcoszalo, a cost Posts 12, and a cost Poosts 14 for operating 
points 310,312,314, respectively. The HCP5 performs a base 
point determination by determining which of the costs 
Pcoszalo Poosts 12, Poosts 14, Peostaos have the lowest 
value, and determines the point associated with the lowest 
value as the a base point for the second set of candidate 
operating points. FIG.4 depicts an exemplary embodiment in 
which the cost Paso and has the lowest cost and therefore, 
the candidate operating point 310 is the base point of the 
second set of candidate operating points. 
The HCP 5 utilizes the cost function 252 and the Search 

engine 250 to iteratively determine sets of candidate operat 
ing points based on the base point of each previously deter 
mined set of candidate operating points. The HCP5 utilizes 
search engine 250 to identify a third set of candidate operating 
points comprising operating points 318,320,322, along with 
candidate operating point 310, which is the previously deter 
mined base point. The third set of candidate operating points 
defines corners of a rectangle 321. The search engine 250 
identifies a fourth set of candidate operating points compris 
ing candidate operating points 324, 326, 328, along with 
candidate operating point 310 which is the previously deter 
mined base point. The fourth set of candidate operating points 
defines corners of a rectangle 331. The search engine 250 
identifies a fifth set of candidate operating points comprising 
candidate operating points 330, 332, 334, along with candi 
date operating point 310, which is the previous determined 
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base point. The fifth set of candidate operating points defines 
corners of a fifth rectangle 341. 
When the HCP5 evaluates three consecutive sets of can 

didate operating points, and determines that the base point in 
each set of candidate operating points is the same, the HCP5 
determines a sixth set of candidate operating points utilizing 
rectangles having a common side to a previously determined 
rectangle. In one embodiment, the HCP5 determines a sixth 
set of candidate operating points comprising candidate oper 
ating point 336 and candidate operating point 338. The can 
didate operating point 338 defines a corner of a rectangle343 
opposite a corner of the rectangle 343 defined by the candi 
date operating point 310. The rectangle 343 comprises a 
rectangle having the same shape and size as the previously 
determined rectangle 341 and shares a common side and with 
the rectangle 341 (that is, a side defined by candidate operat 
ing point 310 and candidate operating point 332). The candi 
date operating point 336 defines a corner of a rectangle 345 
opposite to a corner of the rectangle 345 defined by the 
candidate operating point 310. The rectangle 345 comprises a 
rectangle having the same shape and size as the previously 
determined rectangle 341 and shares a common side and with 
the rectangle 341 (that is, a side defined by operating point 
310 and candidate operating point 334). 
The HCP5 denormalizes each operating point (x,y) of the 

sixth set of candidate operating points to their corresponding 
engine speed and engine power values (X,Y) (216). The HCP 
5 inputs the speed and power values (X,Y) of the sixth set of 
operating points into a cost function f(X,Y) 252 to determine 
the overall cost Psi (218). 

The HCP5 calculates a cost Postass, and a cost Postass 
for operating points 336,338, respectively. The HCP 5 per 
forms a base point determination by determining which of the 
cost Posts to the cost Potoszaso, the cost Potoszass, and the 
cost Paso has the lowest value, and determines the point 
associated with the lowest value as the a base point for the 
sixth set of operating points. FIG. 4 depicts an exemplary 
embodiment in which the HCP5 determines a lowest cost of 
the above set of operating points to be cost Posse and 
therefore, determines the candidate operating point 336 as the 
base point for the sixth set of candidate operating points. 

The search engine 214 determines a seventh set of candi 
date operating points comprising candidate operating points 
340, 342, 344 along with the candidate operating point 336. 
The seventh set of candidate operating points define a rect 
angle 351 extending away from the candidate operating point 
31 O. 

FIG. 5 shows a graph 300' of another exemplary search 
performed utilizing the method 200. The graph 300' includes 
the first and second set of candidate operating points and the 
first and second search rectangles of the first and second 
search iterations shown by the graph 300. However, FIG. 5 
depicts an embodiment in which the HCP 5 determines a 
lowest cost of the third set of operating points to be cost 
Pso and therefore, determines the operating point 320 as 
the base point for the third set of operating points. 

The HCP 5 identifies a fourth set of candidate operating 
points (220) utilizing the search engine 250. The HCP 5 
selects a set of candidate operating points for the fourth set of 
candidate operating points including operating points 320, 
point 370,372,374. However, candidate operating points 372 
and candidate operating point 374 have a normalized input 
speed value X outside the permissible range of normalized 
speed values 307 (that is a value X that is less than X.) The 
HCP5 sets the normalized input speed value x for candidate 
operating points 372 and 374 to the minimum permissible 
input speed X, thereby determining new candidate oper 
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12 
ating points 378 and 380. The HCP5 identifies a fourth set of 
candidate operating point including the operating point 320, 
the operating point 370, the operating point 378, and the 
operating point 380. 
The HCP5 calculates a cost Postazo, a cost Postaz's, and 

a cost Passo for candidate operating points 370, 378380, 
respectively. The HCP5 performs a base point determination 
by determining which of the cost Post so the cost Postazo, 
the cost Posts 7s, and the cost Postaso has the lowest Value, 
and determines the point associated with the lowest value as 
the a base point for the fourth set of candidate operating 
points. FIG.5 depicts an exemplary embodiment in which the 
HCP5 determines a lowest cost of the fourth set of candidate 
operating points to be cost Pszs and therefore, deter 
mines the candidate operating point 378 as the base point for 
the fourth set of operating points. 
When the HCP 5, determines a base point comprising a 

limit value, that is either minimum permissible input speed 
XM maximum permissible input speed X, minimum 
permissible input powery, or maximum permissible input 
powery, the HCP 5 determines a set of candidate oper 
ating points such that the set of candidate operating points 
rebound away from the search limit. The HCP5 selects a fifth 
set of candidate operating points comprising the candidate 
operating point 378, the candidate operating point 382, the 
candidate operating point 388, and the candidate operating 
point 390. The fifth set of candidate operating points defines 
a rectangle 383. Further, when the base point includes a limit 
value, the HCP5 selects candidate operating points to form a 
rectangle having two sides with an increased length over the 
length associated with the rectangle of a current set of candi 
date operating points. For example, the distance between the 
candidate operating point 378 and the candidate operating 
point 380, and the distance between the candidate operating 
point 382 and the candidate operating point 388 are greater 
than the space normally associated with candidate operating 
points of a fifth set of candidate operating points in X direc 
tion, thereby allowing the search engine 250 to evaluate can 
didate operating points away from the boundary of the mini 
mum permissible input power Xx. 
The HCP 5 continues to perform steps 216, 218, and 220 

until a selected number of iterations are performed (222). In 
one exemplary embodiment nine iterations are performed. 

In one embodiment, the HCP 5 calculates costs until a 
selected number of costs are calculated. In one embodiment, 
the HCP 5 calculates costs for twenty-eight candidate oper 
ating points. The candidate operating point associated with 
the lowest cost after the selected number of costs are calcu 
lated is an preferred operating point associated with the pre 
ferred speed value X, and the preferred power value Y. 
The HCP5 utilizing the method 200 determines the nor 

malized preferred speed value X, and a normalized pre 
ferred power value y rapidly due to the separation of the 
search engine 250 and the cost function 252. In particular, the 
search engine 250 rapidly determines sets of candidate oper 
ating points and provides each set of candidate operating 
points to the cost function 252 such that the cost function 252 
only has to solve for one unknown variable per candidate 
operating point. The HCP5 utilizing the method 200 calcu 
lates twenty-eight cost values in less than twenty-five milli 
seconds. 

In alternative embodiments, the HCP 5 performs other 
amounts of cost calculations. Further, in other alternative 
embodiments, the HCP 5 performs cost calculations until a 
selected amount of time elapses or until a selected search 
tolerance level is reached. 
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In alternative exemplary embodiments, the search engine 
can utilize other types of search functions. In one embodi 
ment, a search engine iteratively generates combinations of 
inputs over the entire range of permissible input torques 
T, try to T, L, and over the entire range of permissible 
input speeds N M to N. a. In one embodiment, a search 
engine selects initial values for input torque and input speed, 
calculates costs associated with the initial values input torque 
and input speeds and divides the permissible search area into 
Subsections based on the costs calculations. 

In one embodiment, a search engine selects initial values 
for input torque and input speed that have a golden ratio of 
relative ranges of a search area, determines costs associated 
with the initial values input torque and input speeds and 
exclude certain search area (that is, decreasing the size of the 
permissible search area) based on the output costs. 

In other embodiments, the search engine determines can 
didate operating points that define corners a geometric shape 
(such as, for example, a square or a triangle). The search 
engine evaluates costs based on torque values and speed 
values associated with each operating point. The search 
engine then utilizes the operating points to define new corners 
of a second shape. The second shape differs from the first 
shape by at least one of size, rotational orientation, location or 
number of corners, or angles of corners. 
The intermediate results (for example various components 

of the preferred cost) associated with X, Y are 
recorded (224) for implementation by instrumentation and in 
system diagnostics. In one embodiment, intermediate results 
associated with X,Y are accessed during Vehicle diag 
nostics to determine if the algorithm is selecting preferred 
engine operating points. 
The powertrain is controlled based on the preferred oper 

ating point (Xo yo) (226) as determined by the search 
engine 250 and the cost function 252. The values for X is 
correlated with preferred engine speed N, ce. Preferred 
input torque T, or is determined by dividing Yo by the 
preferred engine speed X, or to give the preferred input 
torque T opt. 
As mentioned above, the HCP5 utilizes the method 200 to 

control the transmission 10 in the first or second continuously 
variable modes. The HCP5 controls the input speed and input 
torque of the engine utilizing Eq.S. 1 and 2 as described 
wherein the input speed N is set to the optimal input speed 
N, or, and wherein the input torque T, and is set to the 
optimal input torque T opt. 
The disclosure has described certain preferred embodi 

ments and modifications thereto. Further modifications and 
alterations may occur to others upon reading and understand 
ing the specification. Therefore, it is intended that the disclo 
sure not be limited to the particular embodiment(s) disclosed 
as the best mode contemplated for carrying out this disclo 
sure, but that the disclosure will include all embodiments 
falling within the scope of the appended claims. 

The invention claimed is: 
1. A method to determine a preferred operating point for an 

internal combustion engine mechanically coupled to an elec 
tro-mechanical transmission to transmit power to a driveline 
in response to an operator torque request, whereina controller 
executes the following: 

determining a current set of candidate operating points for 
a current search iteration; 

iteratively 
determining an operating cost for operating the internal 

combustion engine at each candidate operating point 
of the current search iteration, 
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14 
determining one of the candidate operating points for the 

current searchiteration having a lowest of the operat 
ing costs, 

determining a search direction relative to the current set 
of candidate operating points for the current search 
iteration based on the candidate operating point of the 
current search iteration having the lowest operating 
cost, and 

determining a Subsequent set of candidate operating 
points for a Subsequent search iteration based upon 
the search direction; 

wherein the current set of candidate operating points for 
the current search iteration and the Subsequent set of 
candidate operating points for the Subsequent search 
iteration have a common operating point; 

selecting the Subsequent set of candidate operating points 
for the Subsequent searchiteration that define a rectangle 
having a common side with a rectangle defined by the 
current set of candidate operating points for the current 
search iteration when the same candidate operating 
point is identified as a base point for three consecutive 
iterations; 

determining the preferred operating point for operating the 
internal combustion engine comprising the candidate 
operating point with the lowest operating cost deter 
mined after a predetermined number of iterations; and 

controlling the powertrain based on the preferred operating 
point for the internal combustion engine. 

2. The method of claim 1, further comprising: 
determining an operator torque request; 
defining a search area based upon the operator torque 

request; and 
iteratively determining sets of candidate operating points 

within the search area. 
3. The method of claim 2, further comprising determining 

a first candidate operating point outside the search area and 
identifying a second candidate operating point within the 
search area, wherein the current set of candidate operating 
points for the current search iteration includes the second 
candidate operating point. 

4. The method of claim 1, wherein determining the current 
set of candidate operating points for the current search itera 
tion and the Subsequent set of candidate operating points for 
the Subsequent searchiteration comprises defining rectangles 
within the search area. 

5. The method of claim 1, further comprising identifying a 
base point for the candidate operating points for the current 
search iteration, and determining the search direction based 
on the identified base point. 

6. The method of claim 1, comprising increasing the search 
resolution during each Subsequent search iteration. 

7. The method of claim 1, wherein the predetermined num 
ber of iterations is nine iterations. 

8. The method of claim 1, comprising determining the 
operating cost for twenty-eight candidate operating points. 

9. The method of claim 1, wherein calculating an operating 
cost comprises calculating an operating cost associated with 
at least one of vehicle driveability, fuel economy, emissions, 
and battery usage. 

10. The method of claim 1, further comprising: 
monitoring an operator torque request; and 
calculating an operating cost based on the operator torque 

request. 
11. The method of claim 1, further comprising recording in 

a storage medium a speed value and a torque value utilized for 
operating the internal combustion engine. 
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12. The method of claim 1, wherein determining the cur 
rent set of candidate operating points of the current search 
iteration comprises determining four candidate operating 
points. 

13. A method to determine a preferred operating point for 
an internal combustion engine mechanically coupled to an 
electro-mechanical transmission to transmit power to a driv 
eline in response to an operator torque request, wherein a 
controller executes the following: 

defining a search area comprising operating points for the 
internal combustion engine; 

determining a current set of candidate operating points for 
a current search iteration within the search area; 

iteratively 
determining an operating cost for operating the internal 

combustion engine at each candidate operating point 
of the current search iteration, 

determining a candidate operating point for the current 
search iteration having a lowest operating cost, 

determining a search direction relative to the current set 
of candidate operating points for the current search 
iteration based on the candidate operating point of the 
current search iteration having the lowest operating 
cost, and 

determining a Subsequent set of candidate operating 
points for a Subsequent search iteration based upon 
the search direction; 

determining the preferred operating point for operating the 
internal combustion engine comprising the candidate 
operating point with the lowest operating cost deter 
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mined after a predetermined number of iterations, 
wherein the Subsequent set of candidate operating points 
for the Subsequent search iteration have a common side 
with the current set of candidate operating points for the 
current search iteration when the same candidate oper 
ating point is identified as a base point for three consecu 
tive iterations and the current set of candidate operating 
points for the current searchiteration and the Subsequent 
set of candidate operating points for the Subsequent 
search iteration have a common operating point and 

controlling the powertrain based on the preferred operating 
point for the internal combustion engine. 

14. The method of claim 13, wherein each candidate oper 
ating point comprises an input speed and an input power. 

15. The method of claim 13, wherein each candidate oper 
ating point comprises an input speed and an input torque. 

16. The method of claim 13, wherein calculating an oper 
ating cost comprises calculating an operating cost associated 
with at least one of vehicle driveability, fuel economy, emis 
sions, and battery usage. 

17. The method of claim 13, further comprising: 
determining an operator torque request; and 
defining the search area based upon the operator torque 

request. 
18. The method of claim 13, wherein determining the cur 

rent set of candidate operating points of the current search 
iteration comprises determining four candidate operating 
points. 


